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ABSTRACT 
 
 The hypothalamic-pituitary- gonadal axis is intrinsic in regulating reproductive 
function. Each part orchestrates the synthesis and release of a key hormone. At the level 
of the hypothalamus, Gonadotropin- releasing hormone (GnRH) is released and it is the 
most upstream regulator of sexual maturation. GnRH neurons express a type of estrogen 
receptor, ERβ, which suggests that estradiol (E₂) plays a direct role in modulating GnRH 
function (Herbison and Pape 2001).  The objective of this study was to determine if 
gonadal steroid hormones regulate the expression of ERβ and GnRH mRNA in the male 
brain during pubertal development. In-situ hybridization was used to detect ERβ and 
GnRH mRNA in the organum vasculosum of the lamina terminalis, diagonal band of 
broca and medial preoptic area, which are the main brain regions involved in regulating 
reproduction. Pre- pubertal (PND 30) and post-pubertal (PND 70) gonad intact male rats 
were studied to determine baseline information about pre-pubertal and adult hormone 
levels and the expression of ERβ and GnRH mRNA. Another group of animals was 
bilaterally gonadectomized at PND 30 and sacrificed at PND 70 in order determine 
GnRH mRNA levels in the absence of hormones. Testosterone (T) implants were also 
used to imitate circulating T levels in gonadectomized animals.  The following study 
detected no significant changes in GnRH signal per cell via in-situ hybridization in all 
 xiii 
 
groups compared to juveniles indicating that gonadal hormones do not affect GnRH 
message levels. Also, the number of cells expressing ERβ message and the average 
number of grains per region show no significant changes pre- and post-puberty, 
suggesting that ERβ gene expression is also independent of circulating hormone levels 
during puberty. However, these conclusions are made with some reservation due to a 
small sample size. The lack of changes in ERβ message levels may suggest that ERβ is 
able to function independent of ligand.
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CHAPTER ONE 
INTRODUCTION 
 
 
Puberty is a dynamic period of postnatal development in which physical growth 
and sexual maturation is achieved. The precise timing of pubertal onset is critical yet the 
mechanisms regulating the initiation are poorly understood.  The most upstream regulator 
of sexual maturation is gonadotropin-releasing hormone (GnRH) which is secreted in an 
episodic pattern by GnRH neurons. These neurons originate at the olfactory placode and 
travel caudally to the hypothalamus during embryonic development (Hoffman and 
Berghorn 1997; Wray 2002). They project their axons to the median eminence of the 
hypothalamus where they release GnRH into the pituitary portal system in a pulsatile 
manner (Harris and Levine 2003). GnRH then regulates the secretion of two 
gonadotropin hormones, luteinizing hormone (LH) and follicle stimulating hormone 
(FSH). These gonadotropins play a pivotal role in modulating the hypothalamic-pituitary-
gonadal axis (HPG axis). Once LH reaches the gonads, it stimulates the leydig cells in the 
testes of males and the theca cells in the ovaries of females to produce testosterone (T). 
FSH stimulates the spermatogenic tissue of the testes and granulosa cells of the ovarian 
follicles to induce gametogenesis. At pre-puberty, these gonadal hormones feedback at 
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the level of the hypothalamus and anterior pituitary and inhibit the production of more 
GnRH. The functions of the HPG axis are critical for normal operation of the 
reproductive system.  
The onset of puberty is manifested by a change in sensitivity to gonadal steroid 
hormone negative feedback and an increase in the production of GnRH. A prerequisite 
for GnRH release is the neuropeptide kisspeptin, a product of the Kiss-1 gene and 
formerly known as metastin. Kisspeptin binds to its receptor GPR54, which co-localizes 
with GnRH neurons, where its expression is increased at puberty (Messager, Chatzidaki 
et al. 2005). In rats, T levels begin to rise during early puberty around PND 32 until they 
reach adult levels. Also shown to increase prior to GnRH release and membrane potential  
is an increase in E₂ levels (Levine, Norman et al. 1985; Chu, Andrade et al. 2009). 
The exact processes in which E2 modulates GnRH synthesis and release are 
unknown; however, previous studies suggested that E2 actions on GnRH neurons were 
indirect due to a lack of identified estrogen receptors in GnRH neurons. A new estrogen 
receptor beta (ERβ) was first identified in both rat prostate and ovaries (Kuiper, Enmark 
et al. 1996) and was shown to co-localize with GnRH neurons, suggesting that GnRH 
neurons might be a direct target for E₂ action (Hrabovszky, Shughrue et al. 2000). 
GnRH neurons, in both males and females, in a variety of species have been 
shown to express ERβ but not ERα (Herbison and Pape 2001; Skinner and Dufourny 
2005). However, whether E₂ regulates GnRH and/or ERβ gene expression in GnRH 
neurons is unknown. It is also unknown how T and DHT (a precursor to E₂ and a 
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metabolite of T, respectively) affect the expression of ERβ and GnRH over the course of 
sexual maturation.  
 
Gonadotropin Releasing Hormone (GnRH) is the Most Upstream Regulator of 
Reproductive Function in all Vertebrate Species  
Gonadotropin releasing hormone, also known as luteinizing hormone-releasing 
hormone (LHRH), is a decapeptide that is necessary for vertebrate reproductive function 
(Fink and Henderson 1977; Silverman, Silverman et al. 1987; Hoffman and Berghorn 
1997). GnRH positive neurons are derived from the embryonic nasal placode and migrate 
into the brain during prenatal development establishing a widespread distribution in the 
basal forebrain (Wray 2002). The final destination is not located in one area. Instead, a 
diffuse network of GnRH neurons are distributed throughout the rostral caudal area of the 
forebrain and the vast majority is located in the diagonal band of broca (DBB), organum 
vasculosum of the lamina terminalis (OVLT), medial septum (MS), and the preoptic area 
(POA) (Lehman, Newman et al. 1987; Richardson, Romeo et al. 1999; Wray 2002). 
There they become an integral part of the hypothalamic-pituitary-gonadal (HPG) axis and 
target their axons to the median eminence where GnRH is released in a pulsatile manner 
into the hypophyseal portal system (Matsumoto, Karpas et al. 1986). During childhood 
this secretion is minimal but is enhanced during puberty. The primary function of GnRH 
is to bind, with high affinity, to the 327 amino acid GnRH receptor and signal the anterior 
pituitary gland to induce the synthesis and release of luteinizing hormone (LH) and 
4 
 
follicle-stimulating hormone (FSH). Studies from several species have found that the LH 
release in males directly follows GnRH release (Clarke and Cummins 1982; Levine, 
Norman et al. 1985; Levine and Duffy 1988). The production of LH and FSH are 
necessary for follicle maturation and ovulation in females and testosterone and sperm 
production in males. 
 
Increased GnRH Pulsatility Initiates Puberty 
The precise mechanism of regulating pubertal onset is unknown and requires a 
complex coordination of a variety of neuronal and hormonal inputs in the GnRH neuro-
secretory system. It is known however, that the acceleration of GnRH pulsatility is the 
critical neural stimulus for the initiation of pubertal maturation (Harris and Levine 2003). 
Plant et al., 1985 showed that this increase in GnRH will take place in the absence of 
testes, providing evidence of the importance of the central nervous system and the 
pituitary in regulating GnRH release during puberty (Plant 1985). In addition, GnRH 
mRNA is increased in specific hypothalamic regions such as the DBB, OVLT, MS and 
POA post-puberty in male Syrian hamsters and rats; however, the number of the neurons 
themselves does not change (Rossmanith, Marks et al. 1994; Parfitt, Thompson et al. 
1999).  Evidence from the hypogonadal mouse model, in which the GnRH-1 gene is 
mutated, highlights the significance of GnRH in initiating puberty (Cattanach, Iddon et 
al. 1977). These mice are infertile yet the administration of appropriate pulsatile patterns 
of GnRH restored reproductive function (Gibson, Kasowski et al. 1994). Also, when 
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brain grafts of normal fetal POA, containing GnRH cells, were implanted in the third 
ventricle of adult hypogonadal mice, both pituitary and plasma gonadotropin levels 
increased (Rajendren and Gibson 1998; Rogers, Silverman et al. 1998).  
GnRH neurons co-express the peptide galanin, and its level of co-expression is 
linked to the activity state of the GnRH neurons. Therefore, GnRH neuron functioning 
can be measured by the expression levels of galanin mRNA via in situ hybridization 
(Marks, Lent et al. 1994).  Rossmanith et al., measured cellular levels of galanin mRNA 
in GnRH neurons of pre-pubertal male and female rats and compared them to adults and 
found that levels of galanin increased significantly pre-puberty. They hypothesized that 
the increased expression of galanin reflects the activated state of gonadal hormones 
associated with the onset of puberty. They observed that pre-pubertal castration led to 
basal  levels of galanin mRNA compared to the sham castrated rats that had high amounts 
of galanin in adulthood (Rossmanith, Marks et al. 1994). Galanin has proven to be a good 
tool in measuring GnRH neuron activity in regard to pubertal development. 
The number of GnRH neurons required for reproduction was assessed by 
Herbison and colleagues. Male GnRH23-/- mice with a homozygous deficiency in the 
ability of GnRH neurons to properly migrate to the median eminence, resulting in only 
15% of the wildtype number of GnRH neurons, had significantly lower testis weight and 
low FSH hormone levels but otherwise exhibited normal fertility. Female GnRH23-/- 
resulting in 12% of the wildtype number of GnRH neurons exhibited normal first cycles 
at puberty, however were unable to generate the sufficient LH surge that invokes 
ovulation. This led to failed ovulations, lack of estrous cycles and an inability to produce 
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normal litters, which caused them to become markedly subfertile. This study 
demonstrated the importance of an adequate population of GnRH neurons to generate a 
GnRH surge for proper hormone release, pubertal initiation and cyclic control in females 
(Herbison, Porteous et al. 2008).   
Recently, a G-protein coupled receptor (GPR54) ligand called kisspeptin has been 
shown to stimulate the release of GnRH (Messager, Chatzidaki et al. 2005). The 
administration of kisspeptin intracerebroventricularly  led to the release of LH and FSH 
(Tovar, Vazquez et al. 2006) (Navarro et al., 2004). Therefore, kisspeptin seems to play a 
pivotal role in regulating the HPG axis at puberty. 
 
Gonadal Steroid Hormones Modulate the Activity of the Hypothalamic-Pituitary-
Gonadal (HPG) Axis 
The HPG axis refers to the cooperative behavior of the combination of these 
organs as a neuroendocrine gland (Fig. 1).  Prior to puberty, gonadal steroid hormones 
(E2 and Testosterone) exert an inhibitory effect on the reproductive axis by keeping 
GnRH levels to a minimum to maintain low LH secretion. The onset of puberty is 
characterized by a decreased sensitivity of negative steroid feedback which leads to 
increased secretion of GnRH.  GnRH release from the median eminence triggers the 
release of FSH and LH in the blood stream where they act on the gonads. 
Harris and colleagues showed an accelerated rate of GnRH secretion at PND 48-
50 in male rats (Harris and Levine 2003).  In the gonad intact pre-pubertal rats, 
7 
 
circulating levels of LH and FSH are low and peak at the time of puberty (Sisk and Turek 
1983). If animals are gonadectomized, T levels will be lower than normal and LH and 
FSH levels will be elevated due to the lack of negative feedback. GnRH levels rise at 
puberty leading to increased LH secretions which commence testosterone production in 
males. Therefore, gonadal steroid hormones modulate the functions of the HPG axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 1. The HPG Axis in M
secrete GnRH which causes the anterior hypothalamus to release FSH and LH. Both 
hormones enter into the circulation. Once LH reaches the testes, it signals the synthesis 
and release of T from the leydig cel
cells to influence the spermatogenesis. T negatively feedbacks at the level of the 
hypothalamus and anterior pituitary to decrease the release of GnRH, LH and FSH.
 
ales. GnRH neurons are located in the hypothalamus and 
ls. FSH also reaches the testes but acts on the sertoli 
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Background on Estrogen 
Androgens (19 carbon steroid hormones) give rise to estrogens (18 carbon) via the 
enzyme aromatase. The major types of estrogens are estrone (E1), estradiol (E2) and 
estriol (E3). Estrogens orchestrate many cellular and physiological events. They are made 
in the granulosa cells of the ovaries and testes and are retained with high specificity and 
affinity in target cells by intranuclear target proteins named estrogen receptors 
(Pettersson and Gustafsson 2001). Estrogens bind to one of two receptors (ERα or ERβ) 
and upon binding, ERs change conformation, dimerize, and function as ligand- dependent 
transcription factors that can alter gene transcription by directly binding to an estrogen 
response element (ERE) to induce transcription of target genes (Darwish, Krisinger et al. 
1991).  
 
Nuclear Receptors 
Nuclear receptors belong to a gene family of transcription factors. They bind 
ligand then bind to a cis-regulatory DNA element on the promoter region of target genes 
to influence transcription through cofactors and transcription machinery. Estrogen 
receptors belong to a sub family of steroid receptors, termed nuclear receptors, along with 
glucocorticoid receptors, mineralocorticoid receptors, progesterone receptors, and 
androgen receptors.  
Nuclear receptors have an A/B domain at the N terminal end which has the least 
sequence homology among the family of nuclear receptors. The activation function 
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domain (AF-1) which contributes to transcriptional activity is found here (Fig. 2). Next to 
the A/B domain lies the C domain where DNA binds. This DNA binding domain (DBD) 
is the most highly conserved domain in NR families and consists of two zinc finger 
motifs held together by 8 cysteine residues. One of the Zn fingers forms a P box which 
confers DNA-binding specificity on NR. Changing a few amino acids in the P box can 
change the DNA sequence recognized. The D domain, or hinge region, connects the DBD 
to the ligand binding domain (LBD). The D domain is involved in associating with heat 
shock protein 90 (hsp90) and is the least conserved region between different nuclear 
receptors. The LBD or E/F domain is the region with high homology within families of 
NRs. In this region, dimerization of the receptor and the association of a second hsp90 
take place. Also, nuclear localization signals are found in this region. The LBD also 
contains AF-2 which is ligand dependent for proper functioning. Once ligand binds to 
NR, a conformation change takes place making the receptor transcriptionaly active 
(Pettersson and Gustafsson 2001).  
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Figure 2: Nuclear Receptor. Diagram of a generic nuclear receptor peptide 
showing different domains and functions. 
 
 
12 
 
Estrogen Receptor Types 
Estrogen receptors and their cognate ligand (E₂) are essential for survival, 
embryonic development, and the development of female secondary sexual characteristics 
and reproductive function. Lubahn et al. were able to generate an ER gene mutant mouse 
lacking responsiveness to E2 (Lubahn, Moyer et al. 1993). Both male and female mice 
survived to adulthood however, females were infertile and males showed low fertility 
leading to the realization of the importance of a functional ER. Previously, all studies 
refereeing to ER were either ERα, β or possibly another unidentified receptor. In 1996, 
Kuiper et al. cloned a second nuclear estrogen receptor in rat prostate and ovary giving it 
the name ERβ which was shown to also bind with high affinity to E2 (Kuiper, Enmark et 
al. 1996). Targeted deletion of this receptor in male mice delays pubertal development 
(Temple, Scordalakes et al. 2003).   
ERα and ERβ share homologous regions in the DNA binding domain but differ in 
the C-terminal ligand binding domain and in the N-terminal transactivation domain 
(Kuiper, Carlsson et al. 1997). In addition, ERα can activate gene expression through an 
upstream AP-1 activator protein site, however ERβ inhibits transcription at that same site 
(Paech, Webb et al. 1997). Importantly, ERα and ERβ have different distributions and 
biological functions in the target tissues. In the central nervous system, ERβ is expressed 
in neurons of the olfactory bulb, preoptic area, bed nucleus of the stria terminalis, 
supraoptic nucleus, paraventricular nucleus of the hypothalamus, suprachiasmatic nuclei, 
tuberomammillary nucleus, amygdala, cerebellum, III to V layer of the cortex and the 
spinal cord. It is also found to colocalize with other hypothalamic neurohormones, such 
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as in GnRH, corticotropin-releasing hormone (CRH), arginine vasopressin (AVP), 
oxytocin and prolactin neurons. Additionally, it is found in the heart, granulosa cells in 
the ovaries, zona reticularis, gastric epithelium, enteric neurons and even stellate cells of 
the liver and bone (Campbell-Thompson, Reyher et al. 2001; Shughrue and 
Merchenthaler 2001; Zhou, Shimizu et al. 2001; Baquedano, Saraco et al. 2007).  
During the first two weeks after birth, male mice have significantly higher levels 
of ERβ mRNA than female do mice in the POA (Karolczak and Beyer 1998). In addition, 
ERβ knockout male mice showed characteristic female behavior compared to their WT 
littermates, yet were able to perform various components of copulatory behavior  leading 
to the conclusion that ERβ is involved in the defeminization of the male brain and male 
behavior however, masculinization is unaffected (Kudwa, Bodo et al. 2005). 17β-
estradiol is the cognate ligand that binds ERs, however a variety of other ligands have 
high binding affinities with ERβ, including synthetic and phytoestrogens. Testosterone is 
unable to bind ER and once in the brain, it is quickly converted into E2 by aromatase or 
dihydrotestosterone (DHT) by 5α-reductase. DHT can bind ER but at very high 
concentration, but it can be further metabolized to 5α-androstane, 3α, 17β-diol (3α-diol) 
or 5 α-androstane, 3β, 17β-diol (3β-diol) by 3βHSD. The conversion to 3α-diol is 
reversible but 3β-diol is unidirectional, therefore 3α-diol can serve as a sink for 
subsequent DHT synthesis or 3β-diol (Bauman, Steckelbroeck et al. 2006). Importantly, 
3βdiol has high binding affinity for ERβ and stimulates ERβ-mediated transcription at an 
ERE (Pak, Chung et al. 2005). 
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Estrogen Receptors are Located in GnRH Neurons 
Despite many studies demonstrating a conspicuous lack of ERs in GnRH neurons 
(Skynner, Sim et al. 1999), Hrabovszky and colleagues were successful in showing 125I-
estrogen accumulation in  GnRH neurons, thus providing the evidence for the translation 
of an ER in these cells (Hrabovszky, Shughrue et al. 2000) and later showing the 
translation of ERβ mRNA in GnRH neurons (Hrabovszky, Steinhauser et al. 2001). The 
expression of ERα in GnRH neurons has been controversial with some studies showing 
the presence of ERα message and immunoreactivity (Skynner, Sim et al. 1999; Skinner 
and Dufourny 2005). These studies were later retracted due to the  antibody’s inadvertent 
ability to binding ERα related peptide (ERRα), a completely different protein that was 
detected with an ERα antibody  (Herbison and Pape 2001). To date, only ERβ has been 
shown to be co-localized with GnRH neurons (Hrabovszky, Shughrue et al. 2000).  
By binding to ERβ, E₂ can directly alter the function of GnRH neurons (Temple, 
Laing et al. 2004) which makes ERβ the main receptor that mediates direct E₂ effects 
upon GnRH cells. In the GT1 cell line (tumorigenic GnRH derived cells that express 
ERβ), T was efficiently converted to DHT suggesting that this cell line may express the 
functional enzymes needed for the conversion. In this cell line, ERβ increased GnRH 
promoter activity (Pak, Chung et al. 2006).  Recently, ERβ expression was detected in 
human GnRH neurons indicating that this presence is not restricted to rodents 
(Hrabovszky, Kallo et al. 2007). In addition to ERβ mRNA and protein in GnRH 
neurons, both message and protein have also been found in oxytocin and AVP neurons of 
the rat supraoptic and paraventricular nuclei (Hrabovszky, Kallo et al. 1998).  Overall, by 
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proving the presence of ERβ mRNA, the detection of ER in GnRH neurons and 125I-
estrogen binding to GnRH neurons, it is verified that E2 can directly regulate GnRH 
neurons through ERβ. 
 
Regulation of GnRH Neuron Activity and Membrane Properties by E₂ 
Steroid negative feedback regulation of GnRH neurons is complex: it is region 
dependent, occurs at multiple cellular levels, varies between animal species, is 
concentration dependent, and dynamic after experimental manipulations. Since the 
discovery of ERβ in GnRH neurons, the next step is to identify the mechanism of how E₂ 
affects GnRH release. Many studies have addressed this question by administering E₂ 
treatment and observing subsequent GnRH activity.  
Hu and colleagues looked at the action potential firing of GnRH neurons from 
G18 rats following E2 treatment. The frequency of firing increased or decreased in 
different GnRH neuronal subtypes measured for a minute in millisecond increments. 
Treatment of the excitatory neurons with ERβ antagonist abolished the stimulatory action 
and washout resumed basal AP firing suggesting that the excitatory effects of E2 on 
GnRH neurons is mediated through ERβ (Hu, Gustofson et al. 2008).  Further, the dose 
of E2 played an important role in dictating the effect on GnRH neurons. Hu at al., also 
measured cAMP production in GT1-7 cells after E₂ treatment. Low picomolar 
concentrations of E₂ led to low amounts of cAMP production, but higher concentrations 
led to increased cAMP production. ICI 182780 treatment, a classic steroidal estrogen 
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receptor antagonist, abolished the actions of E₂ on cAMP production (Hu, Gustofson et 
al. 2008). The effects of different concentrations of E₂ on GnRH neurons and its actions 
could provide a potential mechanism of action for the switch from negative to positive 
feedback at the time of pubertal onset.  In agreement with these data, Chu et al. studied 
the effect of E₂ administration and action potential firing of whole cell recordings from 
GnRH neurons in mouse brain sections. E₂ treatment at 100 pM to 100nM enhanced 
action potential firing which was mimicked by a specific ERβ agonist and blocked by 
ICI182780. Lower doses of E₂ reduced the frequency of firing (Chu, Andrade et al. 
2009). 
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CHAPTER TWO 
HYPOTHESIS AND SPECIFIC AIMS 
 
Hypothesis 
It is well accepted that gonadal steroid hormones, especially E2, are critical 
regulators of GnRH and the HPG axis.  However, whether gonadal steroid hormones, 
through an autoregulatory mechanism, differentially alter the gene expression of GnRH 
and/or ERβ in the male brain during pubertal development is not known. The hypothesis 
of this study is that the expression of both ERβ and GnRH mRNA increases pre- and post 
sexual maturation and that effect is mediated via E₂. The studies presented will address 
this hypothesis with the following aims. 
 
Specific Aims: 
1) To determine the levels of GnRH mRNA in pre- and post-pubertal male rats 
and whether T changes GnRH mRNA during pubertal development. 
2) To determine the expression of ERβ mRNA in GnRH containing regions pre- 
and post-puberty and how the levels change with T treatment.  
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CHAPTER THREE 
EXPERIMENTAL METHODS and RATIONALE 
 
 
Specific Aim 1: To determine the levels of GnRH mRNA in pre- and post-pubertal male 
rats and whether T changes GnRH mRNA during pubertal development. 
Rationale: During the onset of puberty, hormone negative feedback ceases to affect the 
hypothalamus; therefore, it stimulates the release of GnRH which, in turn, increases the 
secretion of FSH and LH from the pituitary. It has been published that GnRH levels begin 
to rise pre-puberty and into puberty. In male rats, increased GnRH pulsatile release is also 
seen to increase through puberty with the highest concentration being around PND 48-50 
(Harris and Levine 2003).  
In terms of steroid hormones, E₂ has been shown to have positive regulatory 
actions on GnRH activity. Abe at al., examined estradiol effects on Ca2+ oscillations 
within GnRH neurons in primates. They concluded that E₂ treatment at 1nM increased 
the frequency of GnRH Ca2+ oscillations. Treatment with ICI abolished this effect 
thereby showing that E₂ induces stimulatory effects (Abe, Keen et al. 2008). Not only 
does E₂ increase Ca2+ oscillations, but actual cell firing measured by a continuous current 
clamp recording is also increased with increasing E₂ concentrations 
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(Chu, Andrade et al. 2009).  E₂ treatment (1nM) of the known GnRH producing 
hypothalamic cell line GT1-7 profoundly down regulated GnRH mRNA levels. This 
effect was mediated through estrogen receptors since the effect was abolished following 
ICI 182,780 treatment (Roy, Angelini et al. 1999). Also, GnRH mRNA levels increase at 
the time of puberty as revealed via in-situ hybridization studies. In the male hamster, 
GnRH mRNA was seen to be significantly increased in adult Syrian hamsters compared 
to juveniles even though the number of GnRH cells remained the same (Parfitt, 
Thompson et al. 1999). The following study was able to detail the expression of ERβ and 
GnRH message in pre- and post-pubertal male rats. Also, the contribution of T on the 
expression of both messages was detailed.  
Blood samples were collected and subjected to column chromatography 
extraction and RIA to verify circulating hormone levels. Total number of grains per cell 
in the OVLT, DBB and MPA were counted and compared between treatments groups. 
 
Animal Model and Rationale 
This study used the transgenic GnRH-eGFP rat model previously described 
(Fujioka, Suzuki et al. 2003). Briefly, these animals express a transgene that uses the rat 
GnRH promoter to drive the expression of eGFP specifically in GnRH neurons.  Male 
Wistar GnRH-eGFP rats were singly housed after weaning in a room with controlled 
temperature and were provided food and water ad libitum. The light cycle was 12-h light 
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and 12-h dark with lights turned on at 7A.M. Blood collection and capsule insertion were 
done under isoflurane anesthesia. All animal procedures were conducted in accordance 
with the Institutional Animal Care and Use Committee at Colorado State University. 
The animals were divided into 4 treatment groups (Fig. 3). Group 1 animals 
served as the prepubertal control which were sacrificed at postnatal day 30 (PND 30) in 
order to determine baseline information about prepubertal hormone levels and expression 
of ERβ and GnRH mRNA (n=7). Group 2 animals consisted of gonad intact rats that 
were sacrificed at PND 70 (n=7).  Blood samples were collected at PND 50, 65 and 70. 
This group provided information about endogenous hormone levels throughout pubertal 
development as well as endogenous expression of GnRH under the normal gonadal 
steroid hormone milieu. Group 3 animals were bilaterally gonadectomized at PND 30 and 
sacrificed at PND 70 in order determine GnRH mRNA levels in the absence of 
hormones, which consequently, inhibit normal sexual maturation of the brain (n=6). 
Blood was collected on PND 50, 65 and 70. Group 4 rats were gonadectomized at 
PND30 and given a juvenile implant of Testosterone Propionate (TP) in order to maintain 
constant circulating levels of hormone (n=6).  Previous studies demonstrated that a 1cm 
long silastic capsule of TP leads to an approximate hormone circulating level of 
0.5mg/ml. At PND 50, the rats were bled to confirm the action of the juvenile dose 
capsule. The capsules were removed and replaced with a fresh capsule containing the 
adult dose which is twice the length of the juvenile dose and a blood sample was 
collected. The second capsule rapidly, not gradually, increased hormonal levels to the 
adult level. Blood was also collected at PND 65. According to Harris and Levine (2003), 
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serum levels of testosterone and LH significantly increase at PND 45 therefore, changing 
the implant to the adult dose at PND50 should lead to a physiologically relevant hormone 
level. Although T does not bind ERβ, its metabolite does. Once T enters the brain it is 
converted into DHT by the enzyme 5 α-reductase or E2 by aromatase. DHT can then be 
converted into either 3α-diol or 3β-diol by 3β-HSD and 17β-HSD which can bind to ERβ. 
Below is a diagram summarizing the treatment groups. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 3: Animal Model.
blood collected. Another group was sacrificed at PND 70 and blood samples taken at 
PND 50, 65 and 70. Animals were also bilaterally gonadectomized and sacrificed at PND 
70. Blood samples were taken at PND 50, 65
bilaterally gonadectomized at PND 30 and received a juvenile dose of T in form of a 
subcutaneous implant. At PND 50, a blood sample was taken and the implant replaced 
with an adult does. Blood sample was taken at PND 65
 Indicates time that blood plasma was collected and analyzed for T.
 
 
 The first group of animals was sacrificed at PND 30 and trunk 
 and 70. The last group of animals was 
 and at 70 at the time of sacrifice. 
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Collection of blood and tissue samples 
Repeated blood samples were collected using jugular puncture under isoflurane 
anesthesia, and terminal samples were collected from the trunk following decapitation, 
into heparinized tubes.  Whole blood samples were centrifuged for 10 min. at 3000 rpm 
at 4°C.  Plasma was collected and stored at -20°C until processing by radioimmunoassay.  
Immediately following decapitation, brains were collected and flash frozen in isopentane 
then stored at -80°C until sectioning using a cryostat. 16µm tissue sections were taken in 
a 1:4 series. Based on the brain atlas of L.A. Swanson and Paxinos and Watson The Rat 
Brain in Stereotaxic Coordinates, sections were collected starting when the anterior 
commisures first begin to cross at bregma -0.26 until -0.83mm. Sections were thaw-
mounted onto Super Frost plus slides and stored at -80°C until they were processed by in-
situ hybridization. 
 
GnRH Riboprobe Synthesis and In-situ Hybridization 
A pGEM T-easy vector (Fig. 4) containing an insert for GnRHGAP (Fig. 5) was 
generously provided to us by Dr. Pei-San Tsai, University of Colorado, and was grown 
by transforming DH5α cells. Plasmid DNA was purified using Endotoxin Free Maxiprep 
(Qiagen) according to manufacturer’s instructions. Linearizing the vector with spe1 
restriction enzyme and using the T7 polymerase resulted in an antisense probe. 
Linearizing with sac2 and utilizing the SP6 polymerase resulted in a sense Riboprobe.  
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Figure 4. pGEM T-easy Vector Map. Map of the vector system used to clone both 
GnRH and ERβ N and C terminal target probes. In order to synthesize an antisense 
GnRH probe, vector was linearized at Spe1 and the T7 polymerase was used. A sense 
strand was linearized at Sac11 and the SP6 polymerase used. 
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atgatcctca     aactgatggc    cggcattcta    ctgctgactg     tggtttggaa    ggctgctgct 
ccagcagcat   ggtcctatgg    gttgcgccct    gggggaaaga  gaacactgaa    cacttggttg 
agtctttcca     agagatgggc   aaggaggtgg  atcaaatggc    agaaccccag   cacttcgaat 
gtactgtcca    ctggccccgt     tcacccctca   ggatctgcga    gggctctgga   aagtctgatt 
gaagaggaag ccaggcagaa    gaagatgtag 
 
 
 
Figure 5. GnRHGAP Nucleotide Sequence. GnRHGAP nucleotides targeted for 
riboprobe synthesis. 
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Transcription of a Riboprobe 
Two 35 S labeled cRNA probes were made for use in the in-situ hybridization 
protocol- both a sense (control) and antisense probe (which will hybridize with the brain 
tissue). The antisense strand will be able to hybridize to the brain tissue sections because 
it will be complementary to the mRNA transcript. Six µl of 40 µCi/µl 35 S UTP was 
added to each 1.5 mL microfuge tube and dried. When no moisture was seen, 2.5 µl of 
nuclease free H₂O, 1 µl of 0.1M Dithiothreitol (DTT), 2µl 5X buffer, 1.5 µl of 1:1:1 of 
ATP:GTP:CTP, 0.75 µl of 1:10 UTP, 1µg/µl of either sense or antisense linearized 
vector:GnRH was added from above. The contents were mixed then 1 µl of T7 or SP6 
polymerase was added. Digesting the vector at the SpeI site and using the T7 promoter 
resulted in an antisense strand, while digesting at the SacII restriction site and using the 
SP6 polymerase resulted in a sense strand. After an hour incubation at 37°C an additional 
1 µl enzyme was added and allowed to incubate for an additional hour. Two µl of RNase 
free DNase was added to digest the original DNA template for 20 minutes. The reaction 
was resuspended to a final volume of 100 µl and a 1 µl aliquot was used for the before 
measurement to calculate % incorporation of radioactivity. The probes were precipitated 
overnight in -80°C  by the addition of  2 µl glyco blue, 10 µl 5M NaOAc pH 5.2 and 200 
µl 100% ice cold EtOH. The following day, the contents were centrifuged at 16000g at 
4°C for 30 minutes then supernatant decanted. Two hundred µl ice cold 70% EtOH was 
used to wash the pellet which was then resuspended in 100 µl of H₂O and 1 µl was 
counted for an after measurement. A probe with 90% incorporation or more was 
acceptable for use. 
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% incorporation was calculated by the following formula:  
(CPMA after/CPMA before) X 100 = Percent incorporation 
To visualize the presence of a probe and the relative weight, a 6% Urea gel was run. A 
mixture of 5 µl of probe and 5 µl of loading dye was heated for 5 minutes at 65°C then 
run at 250V for 30 minutes. The gel was then removed and exposed to film for 30 
minutes then developed. A suitable probe ran down the lane and was not held up in the 
wells, also only one specific dark band per lane was visible (Fig. 6).  
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Figure 6. GnRH Riboprobe. Film showing the synthesis of a radiolabeled probe 
targeted towards GnRH. Lane 1 is antisense strand, lane 2 is sense.  
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In-situ hybridization 
Slides containing mounted brain tissue sections were brought to room temperature 
and tissue was fixed in 4% formaldehyde in 1X PBS for 5 minutes. Following fixation, 
tissue was rinsed twice in 1X PBS followed by a protease k digestion at a concentration 
of 100 ng/ml in 0.1M Tris pH 8 and 0.05M Ethylenediaminetetraacetic acid (EDTA) pH 
8 for 30 minutes at 37°C. Slides were then rinsed in water followed by a rinse in 0.1M 
triethanolamine-HCL pH 8.0. Then, slides were incubated in a fresh 0.25% acetic 
anhydride/TEA solution for ten minutes and agitated occasionally. Slides were then 
rinsed twice in 2X SSC and dehydrated with increasing concentrations of ethanol and 
allowed to dry. A 2X hybridization buffer was premade, aliquoted and frozen ahead of 
time made up of: 6 ml 5M NaCl, 500 µl of 1M tris-HCl pH 7.5, 500 µl 100X Denhart’s 
solution, 100 µl 0.5M EDTA pH 8.0, 5 mg denatured DNA, 25 mg total yeast RNA, 2.5 
mg yeast tRNA, 10 ml of 50% dextran sulfate and brought up to 25 ml. Aliquots were 
frozen until time of hybridization. One aliquot was mixed 1:1 with deionized formamide 
containing 0.1% sodium thiosulfate, 0.5% SDS, 100 mM DTT and incubated for five 
minutes at 80°C then applied at a concentration of 20 x 106 cpm/ml. Slides were 
coverslipped and placed in a humidification chamber and incubated for 20 hours at 50-
53°C. 
The next day, slides were placed in a horizontal slide rack with 2X SSC for 10 
minutes to allow the cover slips to float off. Slides were then dipped in 4 consecutive 
washes of 2X SSC then placed into Tissue Tek racks and washed twice in 2X SSC. Slides 
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were then treated with RNaseA in buffer for 30 min. at 37°C and rinsed with only buffer 
for another 30 min. Desalting the slides took place with successive washes twice in 2X 
SSC, once in 1X SSC for 10 min., once in 0.5X SSC for 10 min., 0.1X SSC for 30 min. 
at 63°C then again to cool at room temp in 0.1X SSC. Dehydration then followed with 1 
min. washes in increasing concentrations of ethanol (50, 70, 90, 95 and 100%). The lower 
three ethanol concentrations received 1 ml of 10X SSC and 50 µl of DTT to help stabilize 
the attachment of 35S to uracil. After air drying, slides were placed into autoradiography 
cassettes and exposed to Kodak BioMax MR film for 5 weeks at 4°C before developing. 
An autoradiograph was produced on x-ray film formed by the pattern of decay emission 
from the radioactive 35S labeled probe. This allowed us to determine the tissue 
localization of the radioactive substance hybridized to nucleic acid. Slides were exposed 
to film for 7 days and showed intense labeling (Fig. 6) so slides were dipped in NTB 
emulsion and developed at 5, 7 and 10 days to determine the best exposure time. Five day 
exposure led to the best picture with highest resolution of grains that could be easily 
counted under 40X magnification (Fig. 8 and 9). 
 
 
 
 
 
  
 
 
 
 
Figure 7. Coronal Section Showing GnRH Neurons in the DBB and OVLT. 
autoradiograph exposed for 7 days. 
 
 
Scale bar set at 2.5 mm 
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Film 
32 
 
 
 
 
 
 
 
Figure 8. Low Power Images of GnRH Neurons in the DBB and OVLT.  A Bright 
field image of GnRH neurons in the DBB. Dashed lines outline the inverted Y shape of 
the DBB. B. Dark field view of the left limb of the DBB in the previous section. C. Dark 
field image of the OVLT. Scale bar is at 25 µm. 
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Figure 9. High Power Images of GnRH Neurons. A 40X of the MPA and a GnRH 
neuron. B. A collections of cells detected in the DBB. C. a GnRH neuron detected in the 
OVLT, the third ventricle outline is located on the right side of the image. D, E GnRH 
neurons detected in the MPA and DBB respectively. Scale bar set at 20µm. 
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Data Analysis and Statistical Testing 
The OVLT, vertical and horizontal limbs of the diagonal band of broca along with 
the medial preoptic area were located under bright field using a 10x objective. The DBB 
was atlas matched using  Paxinos and Watson’s The Rat Brian in Stereotaxic Coordinates 
atlas and identified from 0.95mm before  bregma and caudally to -0.11mm bregma. The 
OVLT is at bregma. The MPA is at -0.26mm to -0.83mm  bregma. Labeled cells were 
located under 40X objectives and grains were counted with a mechanical clicker. Only 
cells with a visible nucleus with 5 times or more the number of grains compared to 
background were counted. Depending on how many sections of a specific region 
expressing positive label was found, anywhere between 7 to 25 cells were counted. Data 
is displayed as average number of grains/ region for the four groups +/- SEM. Statistical 
significance on the average number of grains per region was reported using one-way 
ANOVA with a Dunnet post- test. P≤0.05 is considered significant.  
 
Blood Hormone Assay and Statistical Analysis 
Verifying blood testosterone and levels at time of sacrifice and throughout 
pubertal maturation was by means of column chromatography for T extraction and 
radioimmunoassay to verify the stages of puberty and that the implants are reflective of 
puberty. All extractions and measurement were performed by ESTL labs in Oregon. 
Hormone values were used to calculate significance based on a mixed ANOVA to test for 
time and group interactions.  A p value <0.05 was considered significant. 
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Specific Aim 2: To determine the expression of ERβ mRNA in GnRH containing regions 
pre- and post-puberty and how the levels change with T treatment. 
 
Rationale: Estrogen receptor-beta (ERβ) mRNA and protein has been observed in male 
and female adult rats (Hrabovszky, Steinhauser et al. 2001). It is speculated that ERβ 
expression may change during puberty as estrogen levels change; nevertheless, there are 
no published reports on this process. However, it has been published that ERβ expression 
changes throughout the estrous cycle, with the highest expression being the diestrous 
phase (Arteaga-Lopez, Dominguez et al. 2003). Therefore, changes in circulating steroid 
hormones may contribute to the changes in ERβ expression.  
The involvement of ERβ in the regulation of GnRH release has been a 
controversial topic, with conflicting findings on the expression and function of GnRH 
neurons, and requires further study. It is widely accepted that GnRH neurons express 
ERβ, but if and how this relationship of colocalization changes at pre- and post-puberty 
changes is yet to be studied. Many studies have shown how an array of steroidal 
manipulations alter the number of GnRH neurons expressing ERβ in hamsters, mice and 
rats in both sexes (Parfitt, Thompson et al. 1999; Richardson, Romeo et al. 1999; 
Skynner, Sim et al. 1999; Sisk, Richardson et al. 2001). 
Parfitt et al., showed that GnRH message increases post-puberty in male Syrian 
hamsters compared to juveniles. Sisk and colleagues also showed that GnRH neuron 
expression changes with age. There is a higher number of GnRH+ neurons in the OVLT, 
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DBB and MS in prepubertal compared to adult Syrian hamsters, possibly because these 
subpopulations may promote increased GnRH release during pubertal maturation 
(Richardson, Romeo et al. 1999).  
Roy et al., showed that treating ERβ expressing GT1-7 cells with E₂ over a 48 hr 
time course repressed GnRH mRNA expression and treatment with ICI blocks this 
decreased expression (Roy, Angelini et al. 1999). Moreover, Kallo et al., assessed the 
effects of E₂ treatment on the localization of ERβ in GnRH neurons. They found that E₂ 
treatment at a concentration of 1.0µg significantly lowered the amount of GnRH neurons 
expressing ERβ (Kallo, Butler et al. 2001). A higher concentration of E₂ led to even 
fewer GnRH neurons expressing ERβ. Therefore, if there is an age and dose related 
change with the expression of GnRH, there might be a marked difference detected during 
the stages of puberty.  
Even devoid of any ligand, GT1-7 cells transfected with ERβ and a luciferase-
reporter construct containing the mouse GnRH promoter sequence, GnRH promoter 
activity was increased independent of ligand. However, treatment with E₂ abolished this 
effect (Pak, Chung et al. 2006).  
The exact distribution and quantified amount of ERβ expression in GnRH regions 
has not been elucidated along with the changes brought on by hormonal manipulations. 
Therefore, the focus of this study was to determine if the amount of ERβ mRNA in 
regions known to contain GnRH neurons change pre- and post-puberty and if this 
relationship is altered with steroid hormones, specifically T. In order to address this 
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question, in-situ hybridization with a radiolabeled probe for ERβ was conducted to 
determine the changes of ERβ expression in known GnRH containing regions. 
 
ERβ Riboprobe Synthesis and In-situ Hybridization 
Total RNA isolation 
Invitrogen TRIzol® Reagent was used to isolate total RNA from adult rat tissue 
known to contain ERβ such as cortex, cerebellum, hypothalamus, liver, and ovaries. 1 mL 
of TRIzol reagent was added to each 5mm³ section and sonicated on ice until no large 
particles were present then allowed to sit at room temperature for 5 minutes. 200 µl of 
chloroform was then added per 1 mL of TRIzol to each tube. The microfuge tube was 
then vigorously shaken for 15 seconds and allowed to sit at room temperature for 3 
minutes. The samples were spun down at 12,000 x g for 15 minutes at 4°C. The upper 
colorless phase containing RNA was collected in to a separate microfuge tube making 
sure not to disrupt the interphase. 500 µl of isopropanol was added per 1 mL of TRIzol to 
the colorless phase and mixed by inverting several times and incubated for 10 minutes at 
room temperature to allow for RNA precipitation. The microfuge tube was then 
centrifuged at 12,000 rpm for 10 minutes at 4°C. The supernatant was discarded and 1 
mL of 75% ethanol was added per 1 mL of TRIzol. The tubes were vortexed and 
centrifuged at 7500 rpm for 5 minutes at 4°C. The supernatant was discarded and any 
liquid left in the microfuge tube was pipetted out carefully. The pellet was dried down 
under a hood for 5 minutes. 20µl of nuclease free water was used to re-suspend the RNA 
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which was then incubated on a heat block at 55°C for 10 minutes. Total RNA samples 
were stored at -80°C.  Total RNA quantity and quality were determined by 
spectrophotomer 260/280 wavelength ratio measurement and agarose gel electrophoresis.  
 
cDNA synthesis 
SuperScript III First Strand Synthesis Super Mix for qRT-PCR (quantitative real 
time polymerase chain reaction) was used to create complementary DNA (cDNA) 
synthesized from RNA in order for it to be manipulated and cloned (Invitrogen). A 
reaction mixture of 10 µl of 2X RT RXN, 2 µl of RT Enzyme Mix, and 1 µg of total 
RNA isolated from cerebellum in 8 µl DEPC water was made and incubated at room 
temperature for 10 minutes. Samples were then incubated at 50°C for 30 minutes, and 
85°C for 5 minutes. 1 µl of RNase H was added to each sample tube and the incubated at 
37°C for 20 minutes to rid the sample of all the RNA. cDNA samples were then stored at 
-20°C. 
Polymerase Chain Reaction (PCR) 
In order to synthesize an unambiguous probe targeted towards ERβ and not any 
other nuclear receptor, two sequences were targeted.  Both rat ERβ N terminal region 
from 249bp to 600bp and the C terminal region from 1811bp to 2100bp were 
synthesized.  The reason both regions were targeted was to enhance specificity to ERβ 
and not other nuclear receptors that have high homologous regions. ERα for example 
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shares a high rate of homology to ERβ in the ligand binding domain. N and C terminal 
specific primers were created to target two separate regions in the ERβ gene to confirm 
specificity of the probe (Fig 10). GoTaq® Hot Start Polymerase was used for PCR, for 
both N terminal and C terminal specific primers (Promega). A master mix of 10 µl of 5x 
GoTaq Flexi buffer, 1 µl dNTP at 10 mM mixture, 3 µl MgCl₂ at 25 mM, 2.5 µl of both 
forward and reverse primers at 10 pM/µl and water, to bring to a final volume of 50 µl 
per reaction was made. When all contents were mixed thoroughly, 0.4 µl of Hot Start 
DNA polymerase was added at 5 U/µl and mixed gently by pipetting. 48 µl of the 
reaction mixture was aliquoted into individual thin walled PCR tubes and 2.0 µl of cDNA 
isolated from above (or DEPC as a no template control) was added. PCR conditions were 
as followed: 95°C hot start, 95°C denaturing step, 58°C primer annealing step and 72°C 
elongation. Samples were then stored at -20°C. An aliquot was subject to agarose gel 
analysis and cDNA was purified by SV Gel and PCR Clean-Up System (Promega). 
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cgggggagct ggcccagggg gagcggctgg tgctgccact ggcatcccta ggcacccagg 
tctgcaataa agtctggcag ccactgcatg gctgagcgac aaccagtggc tgggagtccg 
gctctgtggc tgaggaaagc acctgtctgc atttagagaa tgcaaaatag agaatgttta 
cctgccagtc attacatctg agtcccatga gtctctgaga acataatgtc catctgtacc 
tcttctcaca aggagttttc tcagctgcga ccctctgaag acatggagat caaaaactca 
ccgtcgagcc ttagttccct gcttcctata actgtagcca gtccatccta cccctggagc 
acggccccat ctacatccct tcctcctacg tagacaaccg ccatgagtat tcagctatga 
cattctacag tcctgctgtg atgaactaca gtgttcccgg cagcaccagt aacctggacg 
gtgggcctgt ccgactgagc acaagcccaa atgtgctatg gccaacttct gggcacctgt 
ctcctttagc gacccattgc caatcatcgc tcctctatgc agaacctcaa aagagtcctt 
ggtgtgaagc aagatcacta gagcacacct tacctgtaaa cagagagaca ctgaagagga 
agcttagtgg gagcagttgt gccagccctg ttactagtcc aaacgcaaag agggatgctc 
acttctgccc cgtctgcagc gattatgcat ctgggtatca ttacggcgtt tggtcatgtg 
aaggatgtaa ggcctttttt aaaagaagca ttcaaggaca taatgattat atctgtccag 
ccacgaatca gtgtaccata gacaagaacc ggcgtaaaag ctgccaggcc tgccgacttc 
gcaagtgtta tgaagtagga atggtcaagt gtggatccag gagagaacgg tgtgggtacc 
gtatagtgcg gaggcagaga agttctagcg agcaggtaca ctgcctgagc aaagccaaga 
gaaacggtgg gcatgcaccc cgggtgaagg agctactgct gagcaccttg agtccagagc 
aactggtgct caccctcctg gaagctgaac cacccaatgt gctggtgagc cgtcccagca 
tgcccttcac cgaggcctcc atgatgatgt ccctcactaa gctggcggac aaggaactgg 
tgcacatgat tggctgggcc aagaaaatcc ctggctttgt ggagctcagc ctgttggacc 
aagtccggct cttagaaagc tgctggatgg aggtgctaat ggtgggactg atgtggcgct 
ccatcgacca ccccggcaag ctcattttcg ctcccgacct cgttctggac agggatgagg 
ggaagtgcgt agaagggatt ctggaaatct ttgacatgct cctggcgacg acgtcaaggt 
tccgtgagtt aaaactccag cacaaggagt atctctgtgt gaaggccatg atcctcctca 
actccagtat gtaccccttg gcttctgcaa accaggaggc agaaagtagc cggaagctga 
cacacctact gaacgcggtg acagatgccc tggtctgggt gattgcgaag agtggtatct 
cctcccagca gcagtcagtc cgactggcca acctcctgat gcttctttct cacgtcaggc 
acatcagtaa caagggcatg gaacatctgc tcagcatgaa gtgcaaaaat gtggtcccgg 
tgtatgacct gctgctggag atgctgaatg ctcacacgct tcgagggtac aagtcctcaa 
tctcggggtc tgagtgcagc tcaacagagg acagtaagaa caaagagagc tcccagaacc 
tacagtctca gtgatggcca ggcctgaggc ggacagacta cagagatggt caaaagtgga 
acatgtaccc tagcatctgg gggttcctct tagggctgcc ttggttacgc accccttacc 
cacactgcac ttcccaggag tcagggtggt tgtgtggcgg tgttcctcat accaggatgt 
accaccgaat gccaagttct aacttgtata gccttgaagg ctctcggtgt acttactttc 
tgtctccttg cccacttgga aacatctgaa aggttctgga actaaaggtc aaagtctgat 
ttggaaggat tgtccttagt caggaaaagg aatatggcat gtgacacagc tataagaaat 
ggactgtagg actgtgtggc cataaaatca acctttggat ggcgtcttct agaccacttg 
attgtaggat tgaaaaccac attgacaatc agctcatttc gcattcctgc ctcacgggtc 
tgtgaggact cattaatgtc atgggttatt ctatcaaaga ccagaaagat agtgcaagct 
tagatgtacc ttgttcctcc tcccagaccc ttgggttaca tccttagagc ctgcttattt 
ggtctgtctg aatgtggtca ttgtcatggg ttaagattta aatctctttg taatattggc 
    ttccttgaag ctatgtcatc tttctctctc tcccg 
 
 
 
 
 
 
 
 
Figure 10. Rat ERβ Sequence. Yellow highlighted region from 249bp to 600bp depicts 
the N terminal 351bp probe, green highlighted region 1811bp to 2100bp depicts the C 
terminal 289 base pair probe. Similar regions were targeted by Hrabovszky et al., 2000.  
 
 Cloning PCR product using 
Two standard reactions for 
inserts were made up  of 5 µl 2X rapid ligation buffer, 1 µl pGEM T
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with deionized water. The required ng insert for each reaction was calculated as such:
 
  A positive control reaction was also made u
background control was also made using only
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plated with 50 µl of cells. N and C te
each and incubated overnight at 37
broth for 15 hours on an angled shaker. These colonies have a 
pGEM-T easy vector system and Transforming DH5
ERβ N and C terminal specific amplified cDNA 
-easy Vector, 3M 
nd brought to a total volume of 10 µl 
 
sing 2 µl of control DNA
 2X Buffer, pGEM T-easy vector, T4 DNA 
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gene coding for β-galactosidase and will be unable to digest X-Gal and form the blue 
precipitate. 
Mini Prep using Qiagen Kit for plasmid DNA purification 
Picked white colonies were allowed to shake for 15 hours and were placed in 4°C 
until use. 1 mL of each cell mixture was placed into a microfuge tube and cells pelleted 
by centrifugation at >8000 rpm for 3 minutes. Supernatant was removed and cells were 
resuspended in 250 µl of P1 buffer. All clumps were broken down by pipetting up and 
down a few times. 250 µl of P2 buffer was added and inverted gently 6 times until all 
contents turned a solid blue color. Next, 350 µl of N3 was added and immediately mixed 
turning the blue liquid into wisps of white precipitate. The contents were centrifuged for 
10 minutes at 12.5 rpm and supernatant removed and placed into Qiagen spin prep 
column and centrifuged. The spin column was first washed by centrifugation with 500 µl 
of PB buffer and then with 750 µl of PE buffer. The filter top was placed on a fresh 
microfuge tube and the DNA was eluted with 30 µl of RNase free H2O. The resulting 
DNA was digested using EcoR1 restriction enzyme at 37˚for 1 hour. The DNA product 
was run on a 1% agarose gel and the presence of the correct vector and DNA fragment 
was verified. 
Maxi Prep using Qiagen Kit for Plasmid DNA Purification  
Once the correct colonies with either the N terminal insert or C terminal insert 
were selected, cells were grown overnight in an orbital shaker at 37°C. The bacteria was 
harvested the next day and centrifuged at 6000g for 15 minutes at 4° C and DNA purified 
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according to manufacturer’s directions. Briefly, the supernatant was discarded and the 
cells were resuspended in P1 buffer until the pellet was completely dissolved. P2 buffer 
was added and mixed vigorously to lyse the cells making sure not to invert more than ten 
times so as to not shear the DNA. P3 buffer was added to neutralize the lysate and 
precipitate out the genomic DNA, proteins and cell debris. The lysate was poured into a 
cartridge filter to remove the precipitate then washed twice with QC buffer before 
diluting the DNA with 100 µl of nuclease free water. The DNA was then precipitated 
with the addition of isopropanol and centrifuged at 15,000g for 30 minutes at 4°C. The 
isopropanol was discarded carefully and the pellet was then washed with 70% ethanol, 
spun again for 10 minutes, and then air dried. Below is a gel of the vector system and 
excised out via EcoR1 digestion (Fig 11). Lane 1is the 1KB ladder, lane 2 is the vector 
plus ERβ N terminal insert and lane 3 is the C terminal insert.  
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Figure 11. ERβ Cloned Vectors.  Gel showing the cloning of both ERβ 351 b.p. N 
terminal  and 287 b.p. C terminal inserts into the PGEM T easy vector system in lane 2 
and 3 respectively. Inserts were excised out via EcoR1 digestion. Lane 1 is 1KB ladder. 
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Amplification of Insert Via Primers Targeted to the SP6 and T7 Promoter Regions 
The plasmid of interest is flanked by the SP6 promoter and T7 but the orientation 
of the two inserts differ as was determined by sequencing. Linearizing the vector with a 
restriction enzyme at one of the promoter regions in order to synthesize a probe was 
difficult and resulted in more than an 8 hour restriction enzyme incubation. To resolve 
this problem, primers designed a few base pairs before the T7 and SP6 promoter regions 
were used to amplify the gene of interest (Fig 12).   
Primer sequences were as follows: T7 TAA TAC GAC TCA CTA TAG 
SP6 GAT TTA GGT GAC ACT ATA G 
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Figure 12: PCR Products of ERβ N and C Terminal Inserts. Gel showing the PCR 
product of both ERβ N and C terminal inserts using primers designed to target sequences 
up and downstream of SP6 and T7 promoter regions. Lane 1 is a 100 b.p. ladder. Lane 2 
is the no template control. Lanes 3 and 4 are amplified N and C terminal inserts to be 
used for riboprobe synthesis. 
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Transcription of a Riboprobe 
Four 35 S labeled cRNA probes were made for use in the in-situ hybridization 
protocol. Both N and C terminal fragments were used to synthesize a sense (control) and 
antisense probe which will hybridize with the brain tissue. The antisense strand will 
hybridize to the brain tissue sections because it is complementary to the mRNA 
transcripts. Six µl of 40 µCi/µl 35 S UTP was added to each 1.5 mL microfuge tube and 
dried. When no moisture was seen, 2.5 µl of nuclease free H₂O, 1 µl of 0.1M DTT, 2µl 
5X buffer, 1.5 µl of 1:1:1 of ATP:GTP:CTP, 0.75 µl of 1:10 UTP, either 104 ng/µl of N 
terminal insert or 87.47 ng/µl of C terminal insert was added. The contents were mixed 
then 1 µl of T7 or SP6 polymerase was added. Since the N terminal fragment inserted 
downstream of the SP6 promoter, using the T7 promoter generated an antisense strand. 
The C terminal fragment however inserted downstream of the T7 promoter, so the SP6 
polymerase generated an antisense strand. Sense strands were also made as a negative 
control. After an  hour 37°C incubation, an additional 1 µl enzyme was added followed 
by another 1 hour incubation. 2 µl of RNase free DNase was added to digest the original 
DNA template for 20 minute incubation. The reaction was resuspended to a final volume 
of 100 µl and a 1 µl aliquot was used for the before measurement to calculate % 
incorporation. The probe was precipitated overnight at -80°C  by the addition of  2 µl 
glyco blue, 10 µl 5M NaOAc pH 5.2 and 200 µl 100% ice cold EtOH. The following day, 
the contents were centrifuged at 16000g at 4°C for 30 minutes then supernatant decanted. 
200 µl ice cold 70% EtOH was used to wash the pellet then resuspended in 100 µl of H₂O 
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and 1 µl was counted for an after measurement. A probe with 90% incorporation or more 
was acceptable for use. 
% incorporation was calculated by the following formula:  
(CPMA after/CPMA before) X 100 = Percent incorporation 
To visualize the presence and quality of a probe and the relative weight, a 6% 
Urea denaturing gel electrophoresis was run. A mixture of 5 µl of probe and 5 µl of 
loading dye was heated for 5 minutes at 65°C then run at 250V for 30 minutes. The gel 
was exposed to film for 2 ½ hours then developed (Fig. 13). A suitable probe run down 
the lane and was not held up in the wells, also only one specific dark band per lane was 
visible. Summary of the process is diagramed (Fig. 14). 
 The probe was validated on human embryonic kidney cells (HEK) transfected 
with ERβ, ERα or pcDNA expression vectors in order to determine the specificity and 
optimal concentration of the cocktail in targeting only ERβ and not ERα (Fig. 15). Figure 
12 is a series of bright and dark field images of emulsion coated slide autoradiograms 
showing the expression of ERβ mRNA in the ERβ transfected cells. A. bright field at 
25X, B. at 40X, C. dark field at 25X of ERβ transfected cells using a cocktail of 20x 106 
cpm total radioactivity. Probe was also tested singularly at 20x106 cpm and yielded the 
same results.  D. bright field at 25X, E at 40X, F dark field at 25X ERβ transfected cells 
using a cocktail of 40x 106 cpm total radioactivity. Both probes used singularly at either 
20 or 40x 106 led to the same level of intensity of signal. G. bright field at 25X, H. at 40x, 
I. dark field at 25X of ERα transfected cells with 20x 106 cpm. No specific label is seen, 
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only background. Similar results were seen with pcDNA transfected cells. A 40x 106 cpm 
cocktail only led to a higher background and no specific signal. Scale bar set at 20µm. 
 
 
 
 
 
  
 
Figure 13. Photomicrograph of 
1 and 2 are the N terminal ER
terminal strands. Film was exposed for 2 hours. 
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Figure 14. Diagram of the Steps Taken to Synthesize ERβ Riboprobes. Briefly, total 
RNA was isolated from rat cerebellum and then synthesized into cDNA. Primers were 
created to amplify out both N and C terminal inserts for ERβ. The fragments were cloned 
into a PGEM-T easy vector system flanked by both the SP6 and T7 promoters. Clones 
were sequenced to determine the presence and orientation of the fragments.  Another 
PCR reaction was carried out to amplify out the inserts with primers targeted upstream of 
both promoter regions. 35S-UTP was used to synthesize the riboprobe. Sense probes were 
unable to hybridize in-situ and led to no signal however anti-sense strands were 
complementary to ERβ in-situ and were able to hybridize leading to signal.  
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Figure 15. In-situ Hybridization on HEK Cells. A-C, cells transfected with ERβ in 
25X, 40X bright field and 25X dark field and received 20x106 cpm cocktail of both N 
and C terminal probe. Probe was also tested singularly at 20x106 cpm and yielded same 
results. D-F, cells transfected with ERβ in  25X, 40X bright field and 25x dark field and 
received 40x106 cpm cocktail of both N and C terminal probe. G-H, cells transfected with 
ERα in 25X, 40X bright field and 25X dark field and received 20x106 cpm cocktail of 
both N and C terminal probe. Scale bar is set at 20µm. 
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In-situ hybridization 
In-situ hybridization for ERβ was conducted using a cocktail of both probes at a 
total activity of 20x 106 cpm. The same protocol detailed above was used except for the 
concentration of protease K in the digestion step (doubled from 50ng/ml to 100ng/ml) 
and the extended exposure time of 4 weeks in emulsion. Results are shown in Figure 16. 
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Figure 16. ERβ mRNA in GnRH Containing Regions. A. 40X image numerous ERβ 
expressing cells in the OVLT. Outline of the third ventricle shown on the right side. B. 
40X image of the MPA showing multiple ERβ expressing cells. Outline of the 
periventricular area shown towards the left of the image.  C-E more labeled cells in the 
OVLT, DBB and MPA respectively. Scale bar is set at 25µm. 
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Analysis and statistical testing 
The total number of ERβ expressing cells and the number of grains in atlas 
matched sections of the DBB, OVLT and MPA were counted under 40X magnification. 
Results are displayed as the average number of cells expressing ERβ mRNA +/- SEM 
and the average number of grains +/- SEM. Statistically significant values were 
determined by one way ANOVA and Dunnet post test. A p value ≤0.05 was considered 
significant. 
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CHAPTER FOUR 
RESULTS 
 
Blood Hormone Levels 
Throughout sexual maturation, circulating blood hormone levels change.  In the 
male rat, T levels begin to constantly rise at pre- puberty reaching the significantly 
elevated adult levels at PND 45- 60 (Matsumoto, Karpas et al. 1986).  To verify 
circulating T levels  throughout puberty and determine if the T implants were able to 
mimic normal physiological hormone levels, blood was collected into heparinized tubes 
at time of sacrifice or at PND 50 and 65 and processed by column chromatography and 
radioimmunoassay. Gonadally intact animals had circulating T levels that were in 
agreement with previous studies using rats. These levels are presumed to be normal 
physiological levels (Matsumoto, Karpas et al. 1986). However, the T implants led to a 
significantly higher circulating T level compared to the gonad intact animals. Figure 17 
represents both intact and T hormone treatment levels with time. The intact group is 
made up of the circulating T levels at PND 30 when the juvenile group was sacrificed 
(n=7) and T values at PND 50, 65 and 70 of the adult intact animals (n=7). Circulating T 
levels at PND 30, 50, 65 and 70 were 0.26 ng/ml +/- 0.1, 1.76 +/- 0.8, 1.62 +/- 0.6, and 
2.13 +/- 0.7, respectively. The gonadectomized group was implanted with a juvenile
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capsule at PND 30 (n=6). At PND 50 a blood sample was collected to ensure the 
functioning of the juvenile capsule. At the same time, the juvenile capsule was removed 
and replaced with the adult dose (double the length). At PND 50, the mean T level was 
4.13ng/ml +/- 1.7, which is higher than normal intact physiological T levels. At PND 65, 
another blood sample was assayed for T. The mean T level was 7.83ng/ml +/- 2.5, which 
was higher than the previous measurement due to the longer capsule length. Five days 
later, the animals were sacrificed and blood was assayed again; 5.3ng/ml +/- 2.4. 
Hormone levels were still high however decreased from PND 65. Clearly, the implants 
were able to raise blood T levels but at a significantly higher concentration than normal 
physiological levels. The variability in hormone levels due to the capsules may be due to 
the process of packing the TP. Some capsules may have received more TP than others 
leading to the variability in the detected T levels. Also, each animal process T differently. 
Gonadectomized animals at PND 30 (n=6) measured T levels were non-detectable. A 
Mixed ANOVA was utilized to determine the presence of significant changes between 
the two treatment groups and the presence of time by treatment interaction. No 
significance was detected through time within a group but T levels after implant were 
significantly higher than their same aged intact counterparts (p<0.045).  
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Figure 17. Circulating Blood T Levels in ng/ml of Intact and Gonadectomized T 
Treated Rats. Intact animals were sacrificed at PND 30 and blood hormone levels 
assayed. Adult animals were bled at PND 50, 65 and at time of sacrifice at PND 70. T 
implanted animals were given a juvenile dose of T at PND 30, bled at 50 and juvenile 
capsule replaced with an adult dose of T. * indicates significant values compared to intact 
same aged animals (p< 0.045).  
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GnRH mRNA Levels  
 Multiple studies have tried to observe the changes, if any, of GnRH message pre- 
and post-puberty. GnRH mRNA levels increase at the time of puberty as revealed via in-
situ hybridization studies. In the adult male Syrian hamsters, GnRH mRNA was seen to 
be significantly increased compared to juveniles even though the number of GnRH 
neurons remained the same (Parfitt, Thompson et al. 1999). The contribution of 
peripheral T manipulation on the changes of GnRH mRNA levels has yet to be 
elucidated.  
The expression of GnRH mRNA was investigated pre- and post puberty and with 
the presence or absence of T. Figure 18 shows the average number of grains per region 
in all four groups with respective SEM. Briefly, the average number of grains per GnRH 
neurons in the DBB is; Juvenile (n= 7) 78.6 grains +/- 4.95, Adult (n=7) 75.2 +/- 5.3, 
GDX Adult (n= 3) 74.1 +/- 10.1, GDX Adult + T (n= 6) 67.7 +/- 7.01. In the OVLT, 
Juveniles (n=5) 78.3 +/- 10.6, Adult (n=7) 87.2 +/- 10.4, GDX Adult (n=3) 74.1 +/- 10.1, 
GDX Adult +T (n=5) 68 +/- 5.96. In the MPA, Juvenile (n=3) 78.9 +/- 16.8, Adult (n=7) 
73.4 +/- 5.85, GDX Adult (n=3) 66 +/- 9.43, GDX Adult +T (n=6) 67.3 +/- 8.21. No 
statistical differences were detected via one-way ANOVA.  
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Figure 18. Average Number of GnRH Grains per Cell. Data displayed as average 
number of grains per GnRH cells +/- SEM. 10- 25 cells were counted per region. No 
changes were detected in the number of grains/cell between all four groups.   
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The Distribution of ERβ Pre- and Post-Puberty in GnRH Neuron Containing 
Regions 
The distribution of ERβ mRNA differs between species, age, brain regions and is 
dynamic after hormonal manipulations (Shughrue and Merchenthaler 2001; Choi 2007; 
Abe, Keen et al. 2008; Chu, Andrade et al. 2009). To determine the difference in amount 
of ERβ pre- and post- puberty and specifically with T treatment, in-situ hybridization 
with a radiolabeled riboprobe for ERβ was performed. Regions of interest for co-
localization of GnRH neurons and ERβ signal are the DBB, OVLT and MPA. When 
GnRH neurons migrate caudally from the olfactory bulb to the hypothalamus, they 
occupy the brain bilaterally on either side of the midline. The highest percentage of 
GnRH neurons are located in the DBB and the OVLT (Wray 2002).   
For analysis, ERβ grains were detected and counted in the DBB, OVLT and 
MPA. Sections were atlas matched and the number of cells per optical field expressing 
ERβ signal 3x higher than background were counted under 40X magnification. Also the 
total number of grains per optical field were counted under 40X magnifications and mean 
data was displayed +/- SEM.  
The average number of cells expressing ERβ in the DBB, a fiber bundle 
interconnecting the amygdaloid nucleus and the septal area, did not change between the 
different groups compared to the juvenile rats (PND 30) (Fig 19 showing the mean 
number of cells and SEM: Juvenile (n=6) Mean # of cells 26.2 +/- 3.7, Adult (n=4) 17.3 
+/- 4.8, GDX Adult (n=2) 13.0, GDX Adult +T (n=4) 16.9 +/- 3.2). Also, the mean 
62 
 
 
number of grains per field of view was not significantly different between groups (Fig 19 
Juvenile (n=6) Mean # of grains 115.3 +/- 19.5, Adult (n=4) 69.6 +/- 20.8, GDX Adult 
(n=2) 48.8, GDX Adult +T (n=4) 61.3 +/- 12.0). Mean number of grains per cell per field 
of view did not show significant difference (data not shown). Both the number of ERβ 
expressing cells and the average number of grains in the DBB of juveniles, adults, 
gonadectomized adults and T treated gonadectomized adults were comparable.  
The average number of cells expressing ERβ in the OVLT was also analyzed. The 
OVLT is a circumventricular organ in which the capillaries are permeable to large 
molecules associated with the third ventricle in the rodent are known to contain 90% of 
the GnRH neurons combined with the DBB (Wray 2002). The mean number of cells 
expressing ERβ mRNA in the OVLT did not change pre- and post puberty (Fig 19 
Juvenile (n=6) 36.8 +/- 2.6, Adult (n=4) 36.3 +/- 7.4, GDX Adult (n=2) 25, GDX Adult 
+T (n=3) 40.7 +/- 14.5). Also, the lack of and the replacement of circulating T hormone 
did not change the mean number of cells per field of view. The mean number of grains 
per field of view also did not change (Fig 19 Juvenile (n= 6) 196.2 +/- 21.8, Adult (n=4) 
193.8 +/-59.2, GDX Adult (n=2) 109.5, GDX Adult +T (n=3) 203.3 +/- 79.1). The mean 
number of grains per cell also did not show any significant changes (data not shown).  
Another area analyzed was the MPA. The medial preoptic area is a sexually 
dimorphic region and its development is dependent on T levels (Parfitt, Thompson et al. 
1999; Richardson, Romeo et al. 1999). It also controls copulations in males. The average 
number of cells expressing ERβ is all four groups is displayed in (Fig 19 Juvenile (n= 5) 
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32.6 +/- 4.0, Adult (n=5) 35.8 +/- 8.9, GDX Adult (n=3) 36.0 +/- 6.7, Adult GDX +T 
(n=6) 34.8 +/- 4.7). Moreover, the mean number of grains detected in the same regions 
were similar across all groups (Fig 19 Juvenile (n=5) 198.4 +/-43.4, Adult (n=5) 227.4 
+/-118.0, GDX Adult (n=3) 178.3 +/-36.1, GDX Adult +T (n=6) 190.2 +/- 39.2). The 
average number of grains per cell also did not show any significant changes (data not 
shown). 
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Figure 19. The Average Number of ERβ Expressing Cells  and The Average 
Number of Grains per Field Data displayed as mean number of cells +/- SEM and the 
average number of grains +/- SEM in the DBB, OVLT and MPA in Juveniles, Adults, 
GDX adults and GDX adults with T implant. No significant values were detected by one-
way ANOVA p<0.05. 
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CHAPTER FIVE 
DISCUSSION 
 
 
Gonadotropin-releasing hormone is critical for controlling fertility. GnRH is 
synthesized in GnRH neurons located in the hypothalamus, specifically the MS, OVLT, 
DBB and MPA. Pre-puberty, GnRH levels are held at a minimum due to steroid negative 
feedback. In male rats, the onset of puberty and sexual development takes place around 
PND 30 when hormone negative feedback ceases to affect the GnRH neurons in the 
hypothalamus. At the onset of puberty, GnRH levels increase which in turn enhances the 
secretion of FSH and LH from the pituitary and consequently T from the testes. GnRH 
levels begin to rise  pre-puberty and into puberty but the pulse frequency increases 
significantly around PND 48- 50 in male rats (Harris and Levine 2003).  
 The evident increase in GnRH secretion at puberty could be directly due to the 
activity of the GnRH neurons themselves or a network of events acting on the neurons. 
Multiple studies have focused on confirming the onset of puberty with increased levels of 
GnRH mRNA and secretion. Many studies have concluded that both GnRH protein and 
mRNA levels increase through development, specifically during puberty, in rats with 
consistent results found in other species (Matsumoto, Karpas et al. 1986; Parfitt, 
Thompson et al. 1999).  Other studies showed that a high dose of E₂ markedly increased 
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GnRH membrane firing in whole cell recordings compared to a low dose. This 
increased activity was returned to baseline following treatment with an estrogen receptor 
antagonist, ICI182780. Low levels of E₂, typically seen with prepubertal animals, are 
associated with low GnRH secretion. Once E₂ peaks marking pubertal onset, GnRH 
neurons show increased activity (Chu, Andrade et al. 2009).  
While many studies showed an increased level of both GnRH message and 
protein, a few studies showed consistent non-changing values. Wiemann et al. looked at 
the expression of cellular GnRH mRNA in pre-pubertal and adult male rats in the DBB 
and MPA along with other regions. They detected no significant changes in GnRH 
mRNA in male rats at PND 25 and PND 75 via in-situ hybridization (Wiemann, Clifton 
et al. 1989). Another study looked at message levels of GnRH, ERα and β along with 
other receptors in the preoptic area during the development of male rats. No significant 
changes in both GnRH and ERβ mRNA were detected throughout pubertal maturation 
(Walker, Juenger et al. 2009). 
Some of the discrepancies in published GnRH data may be due to the use of 
different species, brain regions and techniques. Parfitt et al. showed that GnRH mRNA 
increases with puberty in the male Syrian hamster. They detected no changes in the total 
number of GnRH neurons in the DBB/OVLT, MS and POA, however detected a 
significant change in the area occupied by silver grains in the DBB/OVLT but not in any 
other regions (Parfitt, Thompson et al. 1999). The Syrian male hamster is a seasonal 
breeder manipulated by different photoperiods in the annual cycle.  Depending on 
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seasonal day: night patterns, the HPG axis functions differently. For example, a short  
day photoperiod (8L:16D) resulted in under developed testis compared to hamsters in a 
long day photoperiod (Hoffmann 1978). Therefore, depending on the hamsters annual 
cycle and the amount of light it receives, changes in GnRH mRNA levels might be 
affected. Gore et al. also showed increased GnRH mRNA levels from E16 to PND60. 
However, looking at age, a plateau was reached at PND 15 that is sustained through 
adulthood, which is consistent with our study (Gore, Roberts et al. 1999). Also, some 
discrepancies can be due to the probe utilized. These studies may have used probes that 
detected artificial subtle changes that otherwise would not be detected.  
Results of my study demonstrate that no changes take place in the relative number 
of GnRH grains and consequently transcripts, from pre- to post-puberty, which is 
consistent with Wiemann’s study. Also, the complete removal of gonads preventing the 
route to sexual maturation and even the addition of T implants did not affect message 
levels. The fact that GnRH message did not change pre- and post-puberty does not relate 
to the known increase in GnRH secretion. If there are no changes in mRNA primary 
transcripts, the known elevation in GnRH may be due to a post translational mechanism 
such as an increase in message stability, and not degradation, and an increase in protein 
synthesis or turnover. To elucidate this mechanism, future directions might include 
directly measuring peptide levels secreted into the pituitary portal system to determine 
how our treatment affects release of GnRH or ubiquitin labeling for proteasomal  
degradation. 
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Recently, it has been shown that both adult male and female rats express ERβ in 
hypothalamic GnRH neurons indicating that E₂ can act directly on GnRH neurons to 
modulate their function. E₂ ability in regulating GnRH gene transcription has been 
investigated by many laboratories. An ERE has been detected in the human GnRH 
promoter at -547 to -516 b.p.  and shown to confer 80% homology with other EREs. The 
actual binding site as determined by DNase1 footprinting is -567 and -514 b.p. suggesting 
a  direct molecular approach of E₂ in regulating GnRH genes (Radovick, Ticknor et al. 
1991). 
Estrogen receptor-beta (ERβ) mRNA and protein have been detected in male and 
female adult rats (Hrabovszky, Steinhauser et al. 2001) but the involvement of ERβ in the 
regulation of GnRH synthesis and release has been a controversial topic. Conflicting 
findings on the changes in expression and function of ERβ on GnRH neurons require 
further study. Many studies have shown how an array of steroidal manipulations and 
cyclical fluctuations in females alter the number of GnRH neurons expressing ERβ in 
hamsters, mice and rats (Parfitt, Thompson et al. 1999; Skynner, Sim et al. 1999; Sisk, 
Richardson et al. 2001). It is unknown how the steroid hormone milieu of the animal 
affects the expression of ERβ in GnRH neurons pre- and post-puberty. The relative 
number of cells expressing ERβ changes in females as they progress through the estrous 
cycle with GnRH and ERβ colocalization peaking at diestrous (Hu, Gustofson et al. 
2008). It is speculated that ERβ expression may change during puberty as estrogen levels 
change; nevertheless, there are no published reports on this process. If changes in 
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expression of ERβ on GnRH neurons are revealed, it may suggest an E₂ dependent 
regulation. Changes in the incidence of ERβ, furthermore message, in GnRH neurons 
may provide a mechanism for the observed decreased response to steroid negative 
feedback that occurs at pubertal onset. 
As stated before, multiple studies have looked at the effects of E₂ treatment on 
GnRH neurons or GnRH expressing cells lines. E₂ has been shown to have both positive  
and negative regulatory actions on GnRH activity (Parfitt, Thompson et al. 1999; 
Richardson, Romeo et al. 1999; Roy, Angelini et al. 1999; Kallo, Butler et al. 2001; Pak, 
Chung et al. 2006; Abe, Keen et al. 2008; Chu, Andrade et al. 2009). Also, ERβ has been 
shown to act independent of ligand. When GT1-7 cells were co-transfected with ERβ 
expression vectors and a luciferase-reporter construct containing the mouse GnRH 
promoter sequence, GnRH luciferase activity was increased in the absence of ligand. E₂ 
treatment abolished this increase in GnRH promoter activity in two different ERβ splice 
variants (Pak, Chung et al. 2006). 
Ligand dependent ERβ signaling can occur by means of two well-accepted 
methods; genomic and non- genomic. Genomic ER signaling takes place when a ligand 
such as E₂, phytoestrogens (plant derived substance) or man-made drugs targeting ERs, 
directly bind ERs. The receptors then dimerize and bind to an ERE sequence and target 
transcription of estrogen regulatory genes. In second method, non-genomic signaling, 
ER’s function through cytoplasmic signal transduction proteins such as mitogen activated 
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protein kinase (MAPK) and signal transducers and activators of transcription (Stats) 
resulting in the phosphorylation of target proteins (Bjornstrom and Sjoberg 2002). 
In this study, I show no changes in the density or relative number of ERβ mRNA 
expressing cells, in GnRH containing regions, in adults compared to juveniles. This 
suggests that chronological age and normal sexual maturation do not change the number 
of ERβ positive cells in the OVLT, DBB and MPA. The gonadectomized animals show 
similar levels of ERβ gene expression in the MPA. Due to the small sample size of 
gonadectomized adults, conclusions are made with some reservations regarding changes 
in the average number of ERβ cells. Gonadectomized and T treated adults also show no 
significant changes in ERβ message. This leads me to conclude that gonadal hormones do 
not influence the number of ERβ expressing cells in the GnRH containing regions. Also, 
removing circulating gonadal hormones does not appear to change the number of ERβ 
expressing cells. Providing gonadectomized animals with a T implant, leading to a 
significantly higher concentration of circulating T, also does not change the relative 
number of ERβ expressing cells. Therefore, the relative number of ERβ mRNA 
expressing cells is unaffected with age and hormone manipulations, suggesting another 
mechanism is responsible for the observed increase in mRNA levels. This leads me to 
believe that the onset of puberty and decreased response to steroid negative feedback is 
not due to changes in ERβ gene expression. Also, since the relative numbers or ERβ 
mRNA expressing cells does not change, this does not rule out, actual changes in protein 
levels. ERβ mRNA may be synthesized in all the cells but the actual number of protein 
may be different due to post-translational modifications. 
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In addition to quantifying the number of ERβ message expressing cells or density, 
the average number of grains were counted in the all the cells in an optical field of view 
in atlas matched sections of the OVLT, DBB and MPA. While the number of grains does 
not correlate to the amount of message, it demonstrates relative changes in steady state 
gene expression. No changes were detected in the average number of grains between 
juveniles and adults. A similar trend is seen compared to adults and juveniles. No 
significant changes in the average number of ERβ grains were detected in the 
gonadectomized and T treated group. Age and hormones do not influence changes in ERβ 
message levels. It is very well possible that other factors independent of ligand modulate 
ERβ gene expression. It is also possible that while message levels are unaffected by 
steroid hormones, protein levels may be. This does not rule any posttranslational 
modifications of ERβ, changes in which can contribute to the onset of puberty and a 
decreased response to steroid negative feedback. Also, due to the experimental method 
utilized, we are unable to distinguish which cells, from the population of cells counted, 
are in fact GnRH neurons, so it can not be accurately stated that gonadal hormones do not 
affect ERβ message located in GnRH neurons.   
In the brain, testosterone is known to be converted into E₂ by the enzyme 
aromatase. E₂ then binds to ERβ located in GnRH neurons. Since no changes are detected 
in the number of ERβ mRNA expressing cells in the regions studied, another mechanism 
of ERβ signaling, instead of genomic and non-genomic, can be suggested. ERβ may be 
regulating the function of GnRH neurons independent of steroid hormones as shown 
previously. GnRH neurons function as critical biological regulators and would be 
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deleterious if subjected to hormone regulation. The normal hormonal changes taking 
place in the adult after the onset of puberty do not appear to affect ERβ or GnRH mRNA 
expression. 
The lack of significant changes in ERβ and GnRH mRNA levels is not due to 
manipulations in our model. Since blood plasma was assayed for T in the intact groups, 
we know that the animals were able to go through sexual maturation. Intact animals at 
PND 30 had normal physiological levels of T, averaging 0.26 ng/ml and the 
concentration was increased in adulthood to 0.84ng/ml. Data from the gonadectomized 
group was also credible since no circulating or free T was detected, meaning that no 
circulating T or any other sex steroid hormones were around to initiate the onset of 
puberty and proper sexual maturation into adulthood. Also, both DHT and E₂ were not 
detected (data not shown). The gonadectomized and T treated group had a significantly 
higher concentration of circulating T (4.13ng/ml, 7.83 ng/ml, 5.32 ng/ml at PND 50, 65 
and 70 respectively). It is known that a high concentration of T treatment will negatively 
inhibit the HPG axis. However, since there were no changes in both GnRH and ERβ 
message, we can not conclude that the supraphysiological level of circulating T was 
responsible for the lack of change in message.  
In summary, these studies show no changes in GnRH mRNA in pre- and post 
pubertal male rats. In addition, gonadectomy does not seem to change the amount of 
signal detected, neither does T hormone replacement. This leads us to believe that the 
known increase in GnRH release into the portal system is not due to increased 
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transcription of message, but possibly increased stability of message and an increased 
translation rate. Therefore the marked increase in GnRH secretion at the time of pubertal 
onset is probably not due to a transcriptional event, but possibly a post transcriptional 
event.  Also, we have shown that ERβ mRNA expression pre- and post-puberty along 
with gonadectomy and T replacement is unaffected in GnRH containing regions. 
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